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Abstract 
Mechanical properties of Dy123 (DyBa2Cu3Ox) dense bulks which had few pores and those of conventional Dy123 bulks which 
had micro-pores were evaluated. While the dense bulks were fabricated by heating precursors in O2 atmosphere, the porous bulks 
were fabricated in air. Mechanical properties of the dense bulks were superior to those of the porous bulks. The average sizes of 
Dy2BaCuO5 particles dispersed in the bulks with 0.5 wt.% Pt were smaller than those dispersed in the bulks with 0.25 wt.% Pt. 
Bending strength values of the former bulks were higher than those of the latter bulks.  
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Horst Rogalla and Peter Kes. 
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1. Introduction 
Improvements of the mechanical properties of R123 (RBa2Cu3Ox, where R denotes rare-earth elements) 
superconducting bulks are important because R123 bulks are subjected to electromagnetic force and thermal stress in 
the superconducting devices. Conventional R123 bulks melt-processed in air have micro-pores which cause 
degradation of the mechanical properties. On the other hand, it has been reported that R123 bulks fabricated by 
heating precursors in O2 atmosphere had few pores [1-11]. In the previous studies, we evaluated the mechanical 
properties of Dy123 dense bulks which had few pores [7-11]. Mechanical properties of the dense bulks were superior 
to those of conventional bulks which had micro-pores [7-11]. On the fracture surfaces of the dense bulks, it was 
observed that fatal cracks originated from an inclusion which consisted mainly of Pt [10]. Pt addition is commonly 
carried out to obtain the microstructure with fine R211 (R2BaCuO5) secondary phase particles, which is indispensable 
for the excellent superconducting properties of R123 bulks. Effects of R211 and Ag contents on the mechanical 
properties have been investigated for various R123 bulks [8,9,12-16]. However, effects of Pt content on the 
mechanical properties have not been investigated. In the present study, effects of Pt content on the mechanical 
properties of Dy123 bulks were investigated.  
2. Experimental Procedure 
In the present study, we evaluated the mechanical properties of Dy123 bulks with 0.25 wt.% Pt and we compared 
the mechanical properties of these bulks with those of Dy123 bulks with 0.5 wt.% Pt tested in the previous studies 
[7,8]. Specifications of the Dy123 single-grain bulk samples fabricated by Nippon Steel Corporation are shown in 
Table 1. Two Dy123 porous bulks and two Dy123 dense bulks with 0.25 wt.% Pt were tested. These bulk samples are 
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denoted as Dy25P, Dy30P, Dy25D and Dy30D, respectively. Diameter and thickness of these bulks were 30 and 10 
mm. The Dy25P and Dy30P were fabricated by heating precursors in air and the Dy25D and Dy30D were fabricated 
by heating precursors in O2 atmosphere. Details of fabrication processes for Dy123 bulks are reported elsewhere [7]. 
Figs. 1 and 2 show polished surfaces of inner region of the bulk samples. While micro-pores are observed for the 
Dy25P and Dy30P, few pores are observed for the Dy25D and Dy30D.  
Table 1. Specifications of Dy123 single-grain bulk samples. 
Sample name Dy211 [mol%] Pt [wt.%] Porous or dense Mechanical properties 
Dy25P 25 0.25 Porous*1 Evaluated in this study. 
Dy30P 30 0.25 Porous*1 Evaluated in this study. 
Dy25D 25 0.25 Dense*2 Evaluated in this study. 
- 25 0.5 Dense*2 Reported in Ref. [7]. 
Dy30D 30 0.25 Dense*2 Evaluated in this study. 
- 30 0.5 Dense*2 Reported in Ref. [8]. 
*1: Porous bulk samples were fabricated by heating precursors in air. 
*2: Dense bulk samples were fabricated by heating precursors in O2 atmosphere. 
     
Fig. 1. Polished surfaces of inner region of Dy123 bulks fabricated by heating precursors in air. (a) Dy25P and (b) Dy30P. Black parts are pores. 
     
Fig. 2. Polished surfaces of inner region of Dy123 bulks fabricated by heating precursors in O2 atmosphere. (a) Dy25D and (b) Dy30D. 
Mechanical properties of the bulk samples were evaluated through bending tests. Bending test specimens with the 
dimensions of 2.8 x 2.1 x 24 mm3 were cut from the bulk samples such that the 2.1 mm direction of the specimens 
almost corresponded to the c-axis of the bulk samples. After that, oxygen annealing, which is indispensable for the 
excellent superconducting properties of R123 bulks, was conducted at 723 K for 100 h. As-grown specimens were 
also tested. Bending tests were carried out at room temperature. Three-point bending load was applied in the 2.1 mm 
direction of the specimens by means of INSTRON 4464 testing machine equipped with a 2 kN load cell. Fulcrum span 
of the bending test jig was 21 mm. Crosshead speed was 0.1 mm/min. Bending strength values Ȫf were calculated by 
using the following equation. 
2
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2
3
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lP
f  V           (1) 
where Pmax is the maximum load applied, l is fulcrum span (21 mm), w and t are width and thickness of the specimens 
(2.8 mm and 2.1 mm). Strain by loading was measured through a strain gage glued to the tensile side surface of the 
specimens. Strain gage length was 0.2 mm. Young’s modulus values were evaluated from a linear part of stress-strain 
curves. Fracture surfaces were observed by using a scanning electron microscope. After the bending tests, specimens 
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were polished by using lapping sheets. Pores and Dy211 particles on the polished surfaces were observed by using a 
digital microscope. Area fraction and the average size of pores and Dy211 particles on the polished surfaces were 
measured by image analysis. 
3. Results and Discussion 
Figs. 3 and 4 show relationship between the Young’s modulus and the porosity (area fraction of pores) and 
relationship between the bending strength and the porosity, respectively. While the porosities of specimens cut from 
inner region of the porous bulks Dy25P and Dy30P were 10-19 %, the porosities of some specimens cut from a region 
near the top surface of those bulks were extraordinarily low. One of the reasons for it is that inert gases near the 
surface are easily released [3]. Both the Young’s modulus and the bending strength increase with decrease of the 
porosity. Such increases are mainly attributable to the increase of the net-cross-sectional area and decrease of the 
number of defects where the stress concentration occurs. Relationship between the Young’s modulus E and the 
porosity p and relationship between the fracture strength Ȫf and the porosity p of ceramics are commonly expressed 
by the following equations [17,18].  
)exp( 10 pbEE              (2) 
)exp( 20 pbf  VV           (3) 
where  E0 and Ȫ0 denote the Young’s modulus and fracture strength at the porosity of 0 %. b1 and b2 are experimental 
constants. Data points in Figs. 3 and 4 were approximated by using the above equations. Increase of the bending 
strength with decrease of the porosity of the oxygen annealed specimens was not significant in comparison with that of 
the as-grown specimens, which is similar to the bending test results of other Dy123 bulks with 0.5 wt.% Pt [7]. It is 
well-known that micro-cracks are induced by the phase transformation from tetragonal to orthorhombic during the 
oxygen annealing process. It is deduced that such micro-cracks impede the improvement of the bending strength with 
decrease of the porosity. 
Fig. 5 shows bending strength values of the dense bulks Dy25D and Dy30D. Bending strength values of other 
Dy123 dense bulks with 0.5 wt.% tested in the previous studies [7,8] are also shown for reference. Bending strength 
values of annealed specimens were lower than those of as-grown specimens, which is mainly due to the micro-cracks 
induced during the oxygen annealing process. Bending strength values of the bulks with 0.5 wt.% Pt are higher than 
those of the bulk with 0.25 wt.% Pt and bending strength values of the bulks with 30 mol% Dy211 are higher than 
those of the bulks with 25 mol% Dy211. These improvements of the bending strength with increase of the Pt and 
Dy211 contents are related to the decrease of the Dy211 particle size as mentioned in the followings.  
Fig. 6 shows a fracture surface of an as-grown specimen cut from the dense bulk Dy25D. Flow patterns formed by 
the crack propagations are clearly observed. Some inclusion is observed on the crack initiation site. It has been 
reported that an inclusion observed on the crack initiation site of a Dy123 dense bulk with 0.5 wt.% Pt consisted 
mainly of Pt [10]. Although the density of the Pt inclusion may be decreased by reducing Pt content, the inclusion size 
observed in Fig. 6 in not significantly smaller than that observed for the dense bulk with 0.5 wt.% Pt.  
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Fig. 3. Relationship between Young’s modulus and porosity of as-grown and oxygen annealed specimens cut from bulk samples.  (a) Bulk samples 
with 25 mol% Dy211 (Dy25P and Dy25D) and (b) Bulk samples with 30 mol% Dy211 (Dy30P and Dy30D). Broken and solid lines denote 
approximations of data points of as-grown and oxygen annealed specimens, respectively.  
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Fig. 4. Relationship between bending strength and porosity of as-grown and oxygen annealed specimens cut from bulk samples.  (a) Bulk samples 
with 25 mol% Dy211 (Dy25P and Dy25D) and (b) Bulk samples with 30 mol% Dy211 (Dy30P and Dy30D). Broken and solid lines denote 
approximations of data points of as-grown and oxygen annealed specimens, respectively. Bending strength values of two dense specimens cut from 
Dy30D were lower than those of porous specimens cut from inner region of Dy30P. Approximation curve of oxygen annealed specimens in (b) was 
drawn excluding such two exceptional data points shown by asterisks.  
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Fig. 5. Bending strength values of as-grown and oxygen annealed specimens cut from Dy123 dense bulks. Data points denote average bending 
strength values. Bending strength values of Dy123 dense bulks with 0.5 wt.% tested in the previous study [7,8] are also shown for reference. 
       
Fig. 6. (a) Fracture surface of as-grown specimen cut from dense bulk sample Dy25D. Bottom of figure corresponds to tensile side where fatal crack 
initiates. Bending strength of this specimen was 111 MPa. (b) Magnified view of crack initiation site on tensile side fracture surface shown by an 
arrow in (a). 
Fig. 7 shows Dy211 particles of the dense bulks Dy25D and Dy30D. Dy211 particles of other Dy123 dense bulks 
with 0.5 wt.% Pt tested in the previous studies [7,8] are also shown. Many large Dy211 particles are observed for the 
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bulks with 0.25 wt.% Pt in comparison with the bulks with 0.5 wt.% Pt between the bulks with the same Dy211 
content. Many large Dy211 particles are observed for the bulks with 25 mol% Dy211 in comparison with the bulks 
with 30 mol% Dy211 between the bulk samples with the same Pt content.  
Area fraction and the average size of Dy211 particles were measured. Fig. 8 (a) shows relationship between the 
bending strength and the average size of Dy211 particles D of as-grown and oxygen annealed specimens cut from the 
dense bulks Dy25D and Dy30D. Bending strength data of other dense bulks with 0.5 wt.% Pt reported elsewhere [7,8] 
is also shown for reference. Bending strength increases with decrease of the average size of Dy211 particles. It is 
deduced that small Dy211 particles effectively suppress the crack propagations due to the detour of crack propagation 
paths. It is well-known that relationships between the yield stress Ȫy and the crystal size d of metallic materials are 
commonly expressed by using the following equation.  
2/1 kdy VV           (4) 
where Ȫ and k are experimental constants. Fig. 8 (b) shows relationship between the bending strength and the D-1/2 of 
the Dy123 dense bulks. Eq. (4) could be adapted to the relationship between the bending strength and the D-1/2 of the 
Dy123 dense bulks. 
     
     
Fig. 7. Dy211 particles of Dy123 dense bulks Dy25D and Dy30D. Dy211 particles of other Dy123 dense bulks with 0.5 wt.% Pt tested in the 
previous studies [7,8] are also shown. (a) 0.25 wt.% Pt and 25 mol% Dy211,  (b)  0.25 wt.% Pt and 30 mol% Dy211, (c) 0.5 wt.% Pt and 25 mol% 
Dy211 and (d) 0.5 wt.% Pt and 30 mol% Dy211. 
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Fig. 8. (a) Relationship between bending strength and average size of Dy211 particles D. (b) Relationship between bending strength and D-1/2.
Broken and solid lines denote approximations of data points of as-grown and oxygen annealed specimens, respectively.  . 
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4. Conclusion 
Mechanical properties of DyBa2Cu3Ox (Dy123) dense bulks which had few pores and those of conventional Dy123 
bulks which had micro-pores were evaluated through bending tests of specimens cut from the bulks. Both the Young’s 
modulus and the bending strength increased with decrease of the porosity. Bending strength values of the dense bulks 
with 0.5 wt.% Pt were higher than those of the dense bulks with 0.25 wt.% Pt. Many large Dy211 particles were 
observed for the latter bulks in comparison with the former bulks. Increase of the bending strength with decrease of 
the average size of Dy211 particles was observed.  
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